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The  striking  colour-pattern  variation  of some aposematic  species  is  paradoxical  because  selection  by
predators  is expected  to favour  signal  uniformity.  Although  the  mechanisms  allowing  for  the  maintenance
of such  variation  are  not  well  understood,  possible  explanations  include  both  non-adaptive  processes  like
drift and  gene  flow;  and  adaptive  processes,  such  as an  interaction  between  natural  and  sexual  selection,
spatial  and temporal  variation  in selection,  a link  between  behaviour  or other  fitness-related  traits  and
phenotype,  and  predators’  ability  to  generalise  among  different  signals.  Here  we test  whether  warning-
signal  polymorphisms,  such  as  that of  dyeing  poison  frogs  (Dendrobates  tinctorius),  could  be  maintained
by  differences  in  detectability  among  morphs.  We  did  experiments  in the wild  using  wax  models  with
different  aposematic  colour  patterns  vs. cryptic  ones,  and  examined  the  attack  rates  by wild  predators
over  time.  We  also  tested  the  detectability  of  different  aposematic  morphs  by  ‘human  predators’  under
different  light environments.  We  found  that  cryptic  frog  models  were  attacked  more  than  aposematic
models,  but  there  were  no  differences  in bird  attack  rates  towards  the  different  aposematic  morphs.
However,  we  found  that  detectability  of  different  morphs  depends  both  on  predator  experience  and  light

environment.  We  suggest  that the  interaction  between  differential  detectability  and  signal  efficiency
among  morphs  in  different  light  conditions  could  be a mechanism  aiding  to  the maintenance  of warning-
signal  polymorphisms.  Our  results  highlight  the importance  of considering  the  light  environment  at
which  predators  have  their first encounters  with  aposematic  prey  for  future  studies  on predation  in the
wild.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The existence of intra-populational colour-pattern variation in
posematic species is paradoxical because the stabilising selec-
ion exerted by predators is expected to favour signal uniformity
Endler, 1988; Endler and Mappes, 2004; Joron and Mallet, 1998;

allet and Joron, 1999; Rojas and Endler, 2013; Rowland et al.,
007). Despite this paradox, several aposematic species exhibit
ariable colour patterns along their distribution range (polytyp-
sm; e.g. poison frogs (Brusa et al., 2013; Myers and Daly, 1976,
983)) or within populations (polymorphisms; lady birds, butter-
ies, moths, poison frogs; O‘Donald and Majerus, 1984; Ueno et al.,

998; Mallet and Joron, 1999; Brakefield, 1985; Rojas and Endler,
013; Nokelainen et al., 2014), but the mechanisms behind the

∗ Corresponding author. Tel.: +358 (0) 408054622.
E-mail addresses: bibiana.rojas@jyu.fi, Bibiana.rojas@gmail.com (B. Rojas),

etri.rautiala@jyu.fi (P. Rautiala), johanna.mappes@jyu.fi (J. Mappes).

ttp://dx.doi.org/10.1016/j.beproc.2014.08.014
376-6357/© 2014 Elsevier B.V. All rights reserved.
maintenance of this variation are still unclear, especially at the
intra-populational level.

Recent approaches suggest that variation in aposematic colour
patterns may  be maintained by an interaction between natu-
ral and sexual selection (Maan and Cummings, 2009; Crothers
and Cummings, 2013; Cummings and Crothers, 2013), whereby
individuals of certain morphs are, for example, more successful
at deterring predators, whereas individuals of other morphs are
more successful at attracting mates (Nokelainen et al., 2012).
There are many non-mutually exclusive alternative explanations,
some of which have recently attracted much attention: (1) a link
between behaviour or other fitness-related traits and phenotype,
for example through morph-specific investment in immune
defences across variable environments (Nokelainen et al., 2013), or
through specific signal-behaviour associations (Rojas et al., 2014);
(2) spatio-temporal variation in selection, for example in predator

community composition (Nokelainen et al., 2014), by generat-
ing a selection mosaic throughout the prey geographic range; (3)
hybridisation among geographic variants (Medina et al., 2013); and
(4) predator generalisation or relaxed selection on a warning signal

dx.doi.org/10.1016/j.beproc.2014.08.014
http://www.sciencedirect.com/science/journal/03766357
http://www.elsevier.com/locate/behavproc
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Amézquita et al., 2013; Richards-Zawacki et al., 2013), which
ccurs when predators learn to avoid a signal with salient cues such
s specific colours or patterns (or both), and then expand this aver-
ion to other signals provided that they are similar enough to the
ne learnt in the first place (Darst and Cummings, 2006; Svádová
t al., 2009; Ham et al., 2006). In addition to possible opposing
election processes, almost certainly the additional influence of
requency dependent selection or gene flow among populations
s needed. Here we explore one more possible explanation that

ould allow for the co-existence of polymorphic warning signals:
ifferences in detectability between (or among) the morphs.

Signal detectability can be exacerbated or hindered in partic-
lar habitats that differ, for example, in their light environment
Endler, 1993). Differences in light environment might render dif-
erences in conspicuousness and, at the same time, in the efficiency
f communication which may  in turn have direct effects on fitness
Endler, 1993, 1986). For animals inhabiting forests this is partic-
larly important because of the combination of forest geometry
nd the different spectral environments available both at fine spa-
ial scales and throughout the day (Endler, 1993). Light conditions

ay  affect fitness directly because changes in the light environ-
ent may  turn inconspicuous colour patterns into conspicuous

nd vice versa, influencing communication efficiency (Endler, 1993,
991). Therefore, the colour patterns and behaviour of each species
re expected to maximise its visual contrast during signal display
Endler and Théry, 1996). This has been shown in the context of
exual displays (Endler and Théry, 1996; Heindl and Winkler, 2003;
héry and Endler, 2001), but may  also affect predator–prey inter-
ctions. If some signals were not only easier to learn, but also easier
o detect by naïve predators than others, lower detectability could
n contrast convey extra protection to defended individuals bearing
ignals that are more difficult to learn, or that are less memorable,
iding to the maintenance of colour pattern polymorphism.

One of the biggest difficulties in the study of predator–prey
nteractions is that predation events are rarely observed in nature.

itnessing predation on species with protective colouration is
specially challenging because they can be either particularly hard
o detect by predators, such as those species whose protection relies
n camouflage, or because predators have learned to avoid them to
ome extent, such as warningly coloured, defended species. Most
f the information regarding the role of selective pressures, such
s predation, in the evolution of animal colour patterns comes
rom experiments in semi-natural conditions (Chai, 1986, 1988;
angham, 2004; Thomas et al., 2004; Allen and Clarke, 1968), or in
ontrolled setups in the laboratory, with either live (Exnerová et al.,
007, 2006; Svádová et al., 2009; Gamberale-Stille and Tullberg,
999; Nokelainen et al., 2012; Forsman and Appelqvist, 1998;
arples et al., 1994) or model (Alatalo and Mappes, 1996; Ham

t al., 2006; Ihalainen et al., 2008; Lindström et al., 2001, 1999a,b,
006; Bond and Kamil, 1998, 2002, 2006) prey subject to visual
redators (e.g. birds). Humans have also been used as ‘predators’ in
rder to test for the protective nature of different colour patterns
r colouration traits on photographs or virtual prey (Summers and
lough, 2001; Hagman and Forsman, 2003; Sherratt et al., 2004;
tevens et al., 2008; Beatty et al., 2005; McGuire et al., 2006; Fraser
t al., 2007; Karpestam et al., 2012; Bohlin et al., 2012), but only
arely (Karpestam et al., 2013) in the natural environment of prey.
nterestingly, some of these experiments have indicated a strong
esemblance between the perceptual abilities of birds and those of
umans under laboratory conditions (Penney et al., 2012) and a cor-
espondence between human detection of different colour patterns
nd their relative survival in the wild (Karpestam et al., 2013).
Several studies have used either plasticine or paraffin wax  mod-
ls in order to quantify predation attempts on individuals bearing
ifferent colour patterns in the wild (e.g. Pfennig et al., 2007; Brodie,
993; Nokelainen et al., 2014; Amézquita et al., 2013). However,
sses 109 (2014) 164–172 165

these studies have four main limitations: (1) Lack of movement:
although aposematic organisms such as some lepidopteran larvae
are not particularly agile and remain stationary for long periods of
time (Bowers, 1993), many aposematic species tend to be active for-
agers that wander around freely, and are therefore easily detected
by motion-oriented predators like birds. The use of stationary
models might therefore lead to an underestimation of predation
attempts. (2) Lack of first hand information about predator iden-
tity and their behaviour is missing and, therefore, it is impossible
to know if a certain model survives because its signal is efficient
or because it is simply harder to find. (3) Unnatural odour and not
necessarily very natural colouration. (4) Lack of secondary defence:
clay/wax models do not have the chemical or physical defences that
make the model species truly aposematic. Therefore, in such mod-
els, the aposematic signal is incomplete. Although the clay or wax
models do not have any reward either, there is a possibility that
the lack of punishment overestimates the attack risk of aposematic
prey if the same predators are responsible for more than one attack
in such studies. Some of these limitations have been addressed
lately. For example, a recent study reported an increased number of
predator attacks in moving vs. stationary models, both cryptic and
aposematic (Paluh et al., 2014); two  other studies controlled the rel-
ative conspicuousness of different morphs by placing the models
on standardised backgrounds (Hegna et al., 2011; Nokelainen et al.,
2014), and a fourth one provided measurements of the reflectance
of both the real animals and the models to ensure that their coloura-
tion did not differ significantly (Valkonen et al., 2014). However,
experiments with defended models, to our knowledge, have not
yet been done.

The dyeing poison frog, Dendrobates tinctorius, is a species
with potent skin alkaloids (Daly et al., 1987) and enormous inter-
and intra-populational variation in colour patterns (Fig. 1 A–D;
Wollenberg et al., 2008; Noonan and Gaucher, 2006; Rojas and
Endler, 2013), known to invade canopy gaps as soon as they form
(Rojas, 2012; Born et al., 2010). Individuals with simpler colour
patterns (sensu Endler, 2012) are the first to invade these envi-
ronments as soon as they become available (i.e. within hours;
Rojas and Endler, unpublished data). Individuals with complex
patterns, on the other hand, arrive later (Rojas and Endler, unpub-
lished data). According to signal detection theory, simple signals are
more detectable and easier to remember (Macmillan and Creelman,
1991). Thus, from the prey point of view, this raises the question
whether individuals with simpler colour patterns bear a more effi-
cient warning signal and are, therefore, better at training predators.
If so, this would explain why  individuals with simpler colour pat-
terns would venture to invade new environments rapidly. From
the predator point of view, the question is not only what colour
patterns are more efficient as warning signals, but also whether
certain colour patterns are more easily detected under a particular
light environment (i.e. a treefall gap). Bird species exposed to a new
gap might encounter prey that they have not encountered before,
and seeing such prey for the first time under the light conditions
of a gap may  affect their encounter rates in a darker environment
(i.e. closed forest) and vice versa, simply because the same colour
patterns might not look the same in both environments. Here we
use two different experiments (one with wax  models and natural
predators, and another one with wax models and human predators)
in order to determine whether differential detectability in varying
light environments could aid in the maintenance of warning sig-
nal variability. More specifically, we  aimed to test the following
hypotheses: (1) individuals with simpler colour patterns are less
attacked over time (they are learnt more effectively by predators);
(2) individuals with complex colour patterns, if less efficient, can
afford to exist because they are less detectable; and (3) predators

can detect simple colour patterns more easily in the light conditions
provided by a canopy gap.
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. Methods

.1. Study site and species

The dyeing poison frog Dendrobates tinctorius is one of the
argest species within the family of poison frogs (Dendrobati-
ae), with adult sizes that range between 35 and 50 mm (Rojas
nd Endler, 2013). This species inhabits the Easter Guiana shield,
specially next to canopy gaps, at elevations between 0 and
00 m (Noonan and Gaucher, 2006). Their major predators remain
nknown, although the results of previous experiments with clay
odels in the wild and some anecdotal observations on other

pecies of poison frogs point mainly at birds (Comeault and Noonan,
011; Noonan and Comeault, 2009).

D. tinctorius exhibits bright colouration, which varies both

ithin- (Rojas and Endler, 2013) and between- (Wollenberg et al.,

008; Noonan and Gaucher, 2006) populations, and has skin alka-
oids that are thought to be predator-deterrent, which allow for
ts classification as aposematic (Summers and Clough, 2001). At the

ig. 1. (A–D) Natural colour patterns in a population of the frog Dendrobates tinctorius; (
ouble ring). In addition to E–F, morphs G–H (G: Spotted, and H: Ring) were used as well 

probably roaches; K) and mammals (L) during Experiment 1. See Methods section for de
sses 109 (2014) 164–172

study population its colouration is extremely variable (Fig. 1A–D),
with all individuals sharing a black dorsal background that can be
almost covered with yellow or exhibit just a few yellow lines or
spots, and most exhibiting blue legs (Rojas and Endler, 2013). The
variation is therefore continuous, rather than discrete in the clas-
sical sense of a colour polymorphism (Ford, 1945). However, this
variation can be grouped roughly into four categories (Fig. 1A–D;
B. Rojas pers. observ. of over 700 frogs identified individually at
the study site): (1) ‘yellow’, where most of the dorsum is covered
by this colour, with a black spot of varying size within the yel-
low area (Fig. 1A); (2) ‘double ring’, where the yellow markings
form an eight-shaped pattern (Fig. 1B); (3) ‘spotted’, characterised
by yellow spots in the head area, and interrupted, irregular yel-
low markings in the dorsal region (Fig. 1C); and (4) ‘ring’, which
exhibits a thin, often uninterrupted, yellow oval (Fig. 1D).  A pre-

vious study reported a thorough analysis of colour patterns in this
species (Rojas and Endler, 2013) by quantifying several variables of
dorsal colour pattern geometry such as pattern simplicity, pattern
elongation and proportion of dorsal yellow. Such quantification is

E–F) aposematic morphs used for Experiment 1 with wild predators (E: Yellow, F:
for Experiment 2, with human predators. Examples of attacks by birds (I–J), insects
tails.
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ased on a method (Endler, 2012) that takes into account the num-
er of transitions between adjacent colours (in this case, between
lack and yellow). Simpler patterns have a lower number of tran-
itions between adjacent colours than more complex ones, both in
he vertical and the horizontal axes (see Endler, 2012 for details on
alculations). According to these measurements, ‘yellow’ individ-
als tend to have simpler patterns, followed by ‘ring’ and ‘spotted’

ndividuals, whereas frogs with a ‘double ring’ tend to have the most
omplex ones (Fig. S1). Pattern simplicity is not correlated with the
mount of dorsal yellow in this species (Rojas and Endler, 2013).

This study was done between January and February 2013,
uring the breeding season of the species, at Camp Pararé, Les
ouragues Research Station, French Guiana (3◦59′N, 52◦35′W).
lthough within the same research station where D. tinctorius has
een previously studied, at the site(s) chosen for both experiments
escribed below, D. tinctorius does not occur.

.2. Experiment 1. Predation attempts on wax models of different
olour patterns

Dendrobates tinctorius has been documented to invade tree-fall
aps within hours and days of their formation (Rojas, 2012; Born
t al., 2010). Individuals that arrive first to these ‘novel’ habitats are
ndividuals with simpler colour patterns (sensu Endler 2012; Rojas
nd Endler, unpublished data; see above). That would make sense if
impler patterns were more efficient warning signals, which would
lace the individuals bearing them in advantage when invading

 novel environment. We  placed 900 paraffin wax models, 300
f a ‘simple’ colour morph (yellow; Fig. 1A), 300 of a ‘complex’
olour morph (double ring; Fig. 1B), and 300 brown (not warningly
oloured), distributed in equal numbers in 15 spots that resembled

 canopy gap. These spots were located in a site where individuals
f Dendrobates tinctorius had not been seen during previous cen-
uses (Devillechabrolle, 2011), i.e., a novel environment. Each of
he 15 sites used had an area of approximately 100 m2, and was
eparated from the nearest site by a minimum distance of 100 m.
ixty wax frogs (10 brown (defended), 10 brown (non defended),
0 simple, and 20 complex) were haphazardly placed in a set grid,
ith inter-model distances between 1 and 1.5 m.  The model density

f each site was therefore 60 frog models per 100 m2; this density
s far beyond the natural density of 4.28 individuals per 100 m2

bserved at a population located approximately 2 km from the site
ere models were placed (Courtois et al., 2012), but similar to the
ensities registered immediately after a treefall occurs (over 45
rogs in a similar-sized area at once; BR pers. observ.). We  simulated
hese high densities because we ultimately aimed at understand-
ng the dynamics of the differential gap invasion by individuals with

ifferent colour patterns.

We  made the models by filling a silicon-rubber template with
araffin wax (Amézquita et al., 2013). All models were painted
fterwards with odourless, non-toxic paint according to the colour

Fig. 2. Canopy cover of each of the two sites used for Experiment 2, w
sses 109 (2014) 164–172 167

treatment. Both aposematic morphs were then made unpalatable
by spraying them with a solution of 10% chloroquin phosphate
(hereon referred to as chloroquin), which has been shown to be dis-
tasteful yet harmless for birds in laboratory experiments (Alatalo
and Mappes, 1996). Half (150) of the brown models were also made
unpalatable following the same procedure in order to distinguish
the effect of distastefulness from the effect of colouration. All mod-
els were placed the same day and examined after 3, 5, 7, 9 and
11 days in the field in order to check whether there were changes
in predation rates on the different morphs over time. On each of
these occasions, predation attempts were recorded and the models
attacked or missing were replaced. Bird attacks were identifiable
by V-shaped and stab-like marks (Fig. 1I, J), as reported in previous
studies (Brodie, 1993; Saporito et al., 2007; Noonan and Comeault,
2009; Nokelainen et al., 2014). Although other animals like rodents
and insects can ‘attack’ the models (Comeault and Noonan, 2011;
Noonan and Comeault, 2009; Saporito et al., 2007), at the time of
data analysis priority was given to bird attacks, as birds are the
most likely visual predator of the frogs (Comeault and Noonan,
2011; Noonan and Comeault, 2009; Alvarado et al., 2013; Maan and
Cummings 2012; Master, 1999). Differences among the morphs in
attack risk over time were analysed with a survival analysis (Cox
regression) using the probability of bird attack as a binary response
variable, and the colour morph as a covariate.

2.3. Experiment 2. Detectability of different colour patterns by
‘human predators’ under different light environments

We chose two sites differing in light conditions: one in a canopy
gap and another one in the closed forest (Fig. 2). The sites were sepa-
rated by approximately 100 m.  A 6 m × 6 m quadrat was  set at both
places and 20 frog models, 5 of each of the 4 morphs considered
in this experiment (Fig. 1E–H; yellow (E), double ring (F), spotted
(G), ring (H)) were placed randomly before each trial. Twenty-five
people, 12 women  and 13 men  between 21 and 64 years old, partic-
ipated voluntarily in the experiment. Twelve of them were assigned
randomly to the canopy gap site for a first trial, whereas the other
13 people were assigned to closed forest. Participants at both sites
were asked to find as many frog models as possible during 30 s. One
model of each morph was shown to the participants right before
the experiment, in order for them to identify them and learn their
names. Each trial was  filmed, and from them recorded the num-
ber of frogs of each morph found, the order in which they were
found and the time taken until the first frog was found. To test
for the effect of experience on the rate at which frogs were found,
after the first trial each participant was  taken to the second site
(closed forest for those who started at the canopy gap and vice

versa), and asked to do the same. Therefore, half of the partici-
pants did the experiment in one order (went from closed forest to
canopy gap), and the rest of the participants did the experiment
in the opposite order (went from canopy gap to closed forest).

ith human predators. Canopy gap (left) and closed forest (right).
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Table 1). This means that light environment influences the
detectability of the frogs, making them easier to find in gaps than
in the closed forest. We  found a marginally significant three-way
interaction between morph, site and order (Table 2), suggesting

Table 1
Generalised Linear Mixed Model explaining the total number of wax models found.
Participant ID was  included as a random factor. The intercept includes Site: Closed
forest and Order: from closed forest to gap.

Source Estimate Std Error z-value Pr(>|z|)
(Intercept) 2.13553 0.09535 22.398 <0.001
Order1: gap-cf 0.12053 0.13644 0.883 0.377
Site1: gap 0.36211 0.12418 2.916 0.003*
Order1:Site1 −0.27114 0.18341 −1.478 0.139

Table 2
Generalised Linear Mixed Model explaining the number of models of each morph
found. Participant ID was included as a random factor. The intercept includes Morph:
Double Ring, Site: Gap and Order: from closed forest to gap.

Source Estimate StdError z-value Pr(>|z|)
(Intercept) −0.08155 0.29892 −0.273 0.7850
Order1 0.01364 0.40437 0.034 0.9731
Site1 −0.68839 0.41733 −1.650 0.0990
morphr 0.41189 0.40506 1.017 0.3092
morphs 0.24583 0.40305 0.610 0.5419
morphy 0.16372 0.40256 0.407 0.6842
Order1:Site1 0.62027 0.55574 1.116 0.2644
Order1:morphr 0.77364 0.56675 1.365 0.1722
Order1:morphs 0.30641 0.54841 0.559 0.5764
Order1:morphy 0.38852 0.54805 0.709 0.4784
Site1:morphr 0.60497 0.58247 1.039 0.2990
ig. 3. Cumulative probability of survival to wild predators over time of models
omparison to models with cryptic colouration (dashed line).

ne participant was excluded from the analysis because of evi-
ent problems with his vision, whereas two other participants (one

n each order treatment) where excluded because they completed
nly one trial (i.e., found models in just one light environment).
hus, final analyses were done with the remaining 22 participants.
rials in both sites were run by two of us simultaneously, so that
he same light and climate conditions applied. We  ran a Gener-
lised Linear Mixed Model (GLMM)  with number of models found
s a response variable, and the main effects of morph, order and site,
nd all the possible two- and three-way interactions as explanatory
ariables. Participant ID was included in the model as a random fac-
or, and the best model was chosen on the basis of differences in
IC.

. Results

.1. Experiment 1. Predation attempts on wax models of different
olour patterns

We  registered 115 attacks (out of 1031 models), 62 of which
ere attributable to birds (brown = 38, simple = 14, and com-
lex = 10; Fig. 1J,K). The rest of the attacks were attributed to
ammals, insects (mostly roaches) or classified as unknown. Only

6 models (11 brown, 2 simple, 3 complex) were missing during the
hole study. Because their disappearance could not be attributed

o predation, these models were not included in the analyses.
Both aposematic models had a significantly higher survival than

rown models over time (Fig. 3; Cox Regression: Wald test = 19.93,
f = 2, P < 0.001; Simple vs. Control: z = −3.210, P = 0.001; Complex
s. Control: z = −3.774, P < 0.001), but we found no differences
etween the aposematic morphs in the frequency of predation
ttempts (Fig. 3; Simple vs. Complex: z = −0.186, P = 0.410). The
umber of attacks on brown models sprayed with chloroquine
N = 16) did not differ significantly from that on undefended brown

odels (N = 22; �2 = 2.675, df = 4, two-tailed P = 0.614). When non-

ird attacks and missing models were included in the analyses, the
esults did not change (Cox Regression: Wald test = 45.70, df = 2,

 < 0.001; Simple vs. Control: z = −5.260, P < 0.001; Complex vs. Con-
rol: z = −5.346, P < 0.001; Simple vs. Complex: z = 0.140, P = 0.889).
aposematic colouration exhibiting simple (grey) or complex (black) patterns, in

3.2. Experiment 2. Detectability of different colour patterns by
‘human predators’ under different light environments

Overall, more models were found in the gap (Mean ± SD
= 11.38 ± 2.52) than in the closed forest (Mean ± SD = 8.36 ± 2.14;
Site1:morphs 0.77102 0.58110 1.327 0.1846
Site1:morphy 0.52466 0.57984 0.905 0.3656
Order1:Site1:morphr −1.92776 0.79515 −2.424 0.0153*
Order1:Site1:morphs −1.32326 0.78160 −1.693 0.0905
Order1:Site1:morphy −1.72393 0.78725 −2.190 0.0285*
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ig. 4. Mean (±standard error) number of models of each morph found in gap and
losed forest (B).

hat some morphs seem to be more detectable in one of the light
nvironments than in the other, but this detectability depends
n whether the human predator went from closed forest to gap,
r vice versa (Fig. 4). According to these analyses (Table 2), it
eems that when going from closed canopy to gap, all morphs
ncrease their detectability, except the double ring morph (i.e.,
omplex), which appears to be equally difficult to detect in both
ight environments (Fig. 4). However, when human predators went
rom gap to closed forest, all morphs seemed to remain equally
etectable except for the double ring morph, whose detectability
ecreased (Fig. 4).

. Discussion

Our results suggest that differential detectability in altered
ight environments can be a key for understanding how several
posematic morphs can co-occur. Previous studies found that
rogs with simpler colour patterns tend to arrive faster to novel
nvironments (forest gaps) compared to individuals with more
omplex patterns. We  did not find any evidence of an advantage
or individuals with simple aposematic patterns in terms of
igher survival in novel environments. However, individuals with
omplex colour patterns seemed to be less detectable. Altogether,
he differential detectability among morphs could aid in the
aintenance of colour-pattern polymorphism.
It has been suggested recently that aposematic species may

ave advantages over cryptic ones during the exploitation of newly
vailable resources (Speed et al., 2010). That is because aposematic
d forest by human predators, going from closed forest to gap (A) and from gap to

colouration grants individuals the protection to freely move around
and explore, for example, new habitats as local predators would
quickly learn that they are unpalatable (Speed et al., 2010). If prey
can survive from the attack (Skelhorn and Rowe, 2006), or preda-
tors are neophobic (i.e., refuse to attack novel prey (Marples and
Kelly, 1999)), or they have inherited tendencies to avoid such prey
(Lindström et al., 1999a), these can indeed enhance the invasion
success. Our results confirm this hypothesis because cryptic, brown
frogs suffered significantly more attacks than aposematic frogs.
Because frogs do not exist naturally in this area, we  can assume
that for most predators these frogs were novel prey. Thus, our
experiment simulated a situation where novel prey invade a new
environment.

There is evidence from previous studies that individuals of dye-
ing poison frogs with simpler colour patterns arrive first at newly
formed treefall gaps (Rojas and Endler, unpublished data). If sim-
plicity made aposematic signals easier to learn and remember,
as detection theory suggests (Macmillan and Creelman, 1991), it
would be reasonable to expect that, within a polymorphic apose-
matic species, individuals with more efficient colour patterns
(better protected), could afford to invade new environments sooner
than individuals bearing patterns that are less efficient at training
predators. Alternatively, the aggregation of these frogs in canopy
gaps might enhance predator learning and aid in the generali-

sation process among different signals, not only because of the
known benefits that gregariousness confers to aposematic prey
(Riipi et al., 2001; Gamberale and Tullberg, 1996; Hatle and Salazar,
2001; Alatalo and Mappes, 1996; Mappes and Alatalo, 1997), but
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lso because of increased encounters between predators and prey
Endler and Rojas, 2009).

Contrary to our expectations, we found no differences in attack
ates between both aposematic morphs (simple vs. complex), i.e.
either morph was better protected from wild predators than the
ther. However, according to our second experiment, some of the
orphs are less detectable by human predators than others. Espe-

ially hard to detect was the double ring morph, used in Experiment
 as ‘complex’. Therefore, there is a possibility that although the
ore visible (and potentially more efficient) simple pattern is eas-

er to detect, it is also easier to learn and remember by naïve
redators. More complex (and less detectable) signal, although

ess efficient in educating the predators, could benefit due to their
ower detectability, particularly in a situation where a predator
s either naïve or specialist, and ready to kill the defended prey
Valkonen et al., 2012). The consequence of this scenario is that
here would be no differences in fitness between the morphs, as
e observed in the field. This balance between lower detection

nd better efficiency would therefore allow for the co-existence
f different morphs. Testing whether there are differences in signal
fficacy, i.e. innate wariness and/or avoidance learning efficiency
y predators towards simple and complex patterns, is the task of
uture work.

Overall, in our second experiment, more frog models were found
n the gap that in the closed forest. This is not surprising consider-
ng that light environment influences how signals are perceived.
he light environment of canopy gaps favours signal displays with
ellow, and those have increased contrast if combined with blue
Endler, 1993; Théry and Endler, 2001). Those two colours are
revalent in Dendrobates tinctorius at the study site (Rojas and
ndler, 2013). Interestingly, we found that the effect of light envi-
onment on the number of models found interacts with that of
rder. In other words, the number of wax models found by human
redators depended not only of whether they were first in a gap or

n a closed forest. It also depended on whether the human predators
ere first exposed to the models in a gap, and then in the closed

orest, or vice versa.
If we assume that detectability correlates with signal efficiency

Lindström et al., 1999a,b), our results indicate that signal efficiency
an change according to the light environment. In the frogs’ natu-
al environment gaps and closed forest form a dynamic mosaic,
hich can potentially allow the co-existence of multiple morphs.

his means that in polymorphic, aposematic prey, the interaction
f predator vision, environment and intrinsic characteristics of the
olour patterns may  favour some morphs under the same condi-
ions that other forms would be selected against, or at least less
avoured.

When we compare the results of our experiment with wild
redators, with those obtained in the experiment with human
redators within the gap treatment, we found that the trends are
he same: no difference in the survival of the simpler (yellow) vs.
he more complex (double ring). This is a very interesting result
ecause (1) it shows that two visual predators behave the same
owards different aposematic signals within the gap habitat; and
2) it reinforces the importance of the effect of light environment
n the survival of individuals with different colour patterns. It could
e argued that humans are not able to provide reliable information
n prey detection in comparison to actual visual predators such
s birds. However, some studies have shown that the perceptual
bilities of birds and humans are similar under laboratory condi-
ions, especially when the stimuli have been presented in uniform
ackgrounds (Penney et al., 2012; Beatty et al., 2005), and that

uman detection of different colour patterns reflects their relative
urvival in the wild (Karpestam et al., 2013). Considering that our
xperiment was done in the natural environment of the frogs (i.e.
ith their natural background and under natural light conditions),
sses 109 (2014) 164–172

we believe that our findings provide novel and reliable insights on
the importance of the joint role of predator experience and light
environment in the maintenance of within-population variation
in aposematic colour patterns.

In sum, it seems that simpler aposematic colour patterns do
not have an advantage per se over complex patterns, but that the
coexistence of variable aposematic signals within the same popula-
tion may  be mediated by differences in detectability. The ultimate
consequence of this is that survival difference among morphs may
vary among environments because differential light conditions can
switch the order of magnitude of the costs and benefits of a signal
from positive to negative. This supports the idea that aposema-
tism and crypsis are not necessarily mutually exclusive strategies
(Stevens, 2007; Mappes et al., 2005; Tullberg et al., 2005), but rather
a continuum even within species. Our study shows how the light
environment influences prey detectability and thus highlights the
importance of taking light conditions into account in future studies
on predation in the wild.
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